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Currently composite manufacturing process, such as linear friction welding plus NC machining, is the main method for the manufacturing and
repairing of complex parts with integrated structure. Due to different datum position and inevitable distortion from different processes, it is
important to ensure sufﬁcient machining allowance for complex parts during the NC machining process. In this paper, a workpiece localization
approach for machining allowance optimization of complex parts based on CMM inspection is developed. This technique concerns an alignment
process to ensure sufﬁcient stock allowance for the single parts as well as the whole integrated parts. The mathematical model of the constrained
alignment is ﬁrstly established, and then the symmetric block solution strategy is proposed to solve the optimization model. Experiment result
shows that the approach is appropriate and feasible to distribute the machining allowance for the single and whole parts for adaptive machining of
complex parts.
& 2015 Society of CAD/CAM Engineers. Production and hosting by Elsevier. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Complex integrated parts with high precision and large produc-
tion, such as impeller and blisk, are widely used in the major
equipment of military and civil aerospace ﬁelds. And an increas-
ingly high demand from industry is to conduct efﬁcient and
precision machining of these parts [1]. At present, composite
manufacturing process is the main method for the manufacturing
of complex parts, which includes precision forging plus NC
machining, precision casting plus NC machining and precision
welding plus NC machining [1–4]. In addition, especially com-
pared with the conventional structure parts, the repairing technol-
ogy is the critical issue for the complex parts with integrated
structure, which will affect the service life and restrict the
application level [3]. Nowadays, linear friction welding is/10.1016/j.jcde.2015.06.007
15 Society of CAD/CAM Engineers. Production and hosting by E
mmons.org/licenses/by-nc-nd/4.0/).
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nder responsibility of Society of CAD/CAM Engineers.developed to be an ideal solution for the manufacturing and
repairing of complex integrated parts. Because it can save large
amount of noble metal, reduce machining time and with high
comprehensive performance.
However, different from the traditional machining method,
machining region, localization datum, allowance distribution and
tool path generation of NC machining of complex integrated parts
all depend on the actual processing result of the previous process.
So the design model will be no longer suitable for multi-axis NC
programming, and it must be constructed process geometric model
adaptively to describe the actual position and shape of complex
parts. And it is known as adaptive machining or adaptive repairing,
and many researchers have addressed the related topic for complex
parts [3–6]. Gao et al. [5,6] presented an integrated adaptive repair
solution for complex aerospace components through geometry
reconstruction, but it is only focused on the curved blade. Since the
variations of aerospace components geometry, it is difﬁcult to
reconstruct geometric model to best ﬁt the actual geometry. Zhang
et al. [3] proposed an adaptive machining approach based on
adaptive process model for precision machining of blisk, whichlsevier. This is an open access article under the CC BY-NC-ND license
Fig. 1. Transformation relationship.
Fig. 2. Distance function. (a) No machining allowance. (b) Machining
allowance δ40.
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distribution and error compensation for NC machining of blisk
accurately. But it has not given any speciﬁc model and solving
method.
In practically, apart from geometric modeling, workpiece
localization and allowance optimization is the signiﬁcant technol-
ogy for adaptive machining or repairing of complex parts [3,7–10].
By measuring feature points of sculpture surface and by executing
localization algorithm, the exact workpiece position is determined
and the machining allowance distribution can be optimized as well.
ICP (Iterative Closest Point) method is the common method,
which have been improved by some scholars in model alignment,
image processing and pattern recognition [7]. Zhu et al. [8]
presents a uniﬁed framework for best-ﬁtting of complex rigid
surface to measured 3D coordinate data by adjusting its location
(position/orientation). Sun et al. [9] developed a uniﬁed localiza-
tion technique for sculptured surface machining. And the technique
concerns an alignment process to satisfy a user-deﬁned set of
constraints for some speciﬁc surfaces where the machining
allowance is preferentially guaranteed. Unfortunately, the above
researches have not paid much attention to NC machining with
composite manufacturing process; and the effective method for
machining allowance optimization of complex parts with inte-
grated structure has not been created [3].
Therefore, to signiﬁcantly improve the NC machining precision
of complex integrated parts, in this work, a uniﬁed model for
machining allowance optimization is presented. Taking the blisk
as the research object, ﬁrst the machining allowance optimization
model is introduced in Section 2. Symmetric block solution strategy
of integrated blisk is discussed in Section 3. In Section 4,
experiment is rendered to demonstrate the advantages of this
innovative optimization method over the conventional method.
2. Optimization model of machining allowance
It is well known that an adaptive machining approach is the key
point for highly precision manufacturing and repairing of blisk. In
the composite manufacturing process of aerospace industry, a
common problem encountered is that the nominal CAD model
from designers is different from its corresponding “machining” one
and thus cannot be directly used for tool path generation for ﬁnal
NC machining. And different datum position from different
processes may cause inaccurate clamping position.
For composite manufacturing process of complex parts, the
purpose of machining allowance optimization is to meet the pro-
cessing requirements, which is to achieve uniform or non-uniform
allowance distribution and to improve the inevitable distortion
from the previous process. And its essence is to determine the
complex parts position, which is described by rigid body rotation
and translation transformation between the workpiece coordinate
system and the measuring coordinate system (see Fig. 1).
Assuming measured points set in the measuring coordinate
system is P¼ fpiji¼ 1;⋯;Ng, while measured points set in the
workpiece coordinate system is P0 ¼ fp0iji¼ 1;⋯;Ng. As shown
in Fig. 2, point qi is the one with shortest distance from point p0i on
the workpiece surface. With the points set P0, the corresponding
points set Q¼ fqiji¼ 1;⋯;Ng can be deﬁned. Let ni be the unitface normal vector at point qi, and δ be the machining allowance,
points with equal distance form points set Q can be get by
employing the following transformation and all the points formed
machining points set Q0 ¼ fq0iji¼ 1;⋯;Ng:
According to the corresponding point p0i and q
0
i, the normal
direction distance function can be deﬁned as
di xð Þ ¼ p0iq0i
 
Uni ¼ R xð ÞUpiþ t xð Þ
 qi
 
Uniδ ð1Þ
where R is the rotation transformation, t is the translation
transformation, x¼ (α, β, γ, Δx, Δy, Δz)T is the transformation
parameters; α, β and γ represent the rotation component about
xw, yw and zw, meanwhile Δx, Δy and Δz represent translation
components along xw, yw and zw.
So, based on measured feature points of complex parts, the
uniﬁed optimization model of machining allowance can be
developed and expressed as follows:
min f xð Þ ¼
XN
i ¼ 1
d2i xð Þ ¼
XN
i ¼ 1
R xð ÞUpiþ t xð Þ
 qi
 
niδ
 2
s:t: xAD¼ xjμrg di xð Þð Þrε; i¼ 1; 2; :::;N
 
8><
>:
ð2Þ
In this model, D is the feasible domain of x which deﬁned by
distance distribution control function g di xð Þð Þ and its upper
deviation and lower deviation are ε and μ respectively. When
the objective function reaches its minimum value, the localization
transformation ðRn; tnÞ is named as the Optimum Localization
Transformation (OLT) and the corresponding xn is the Optimum
Transformation Parameter (OTP). The constraint condition for
machining allowance optimization can be classiﬁed into four types:
Regional tolerance constraint condition G1(x):
xAD1 ¼ xjμrdi xð Þrε; i¼ 1; 2; :::;N
  ð3Þ
while δ¼0, the region is the design surface, and the region is
the equidistance surface for δ40.
Existence of machining allowance G2(x):
xAD2 ¼ xjdi xð ÞZ0; i¼ 1; 2; :::;N
  ð4Þ
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particular case of G1(x).
Non-uniform machining allowance G3(x):
xAD3 ¼ xjdi xð ÞZ0; μrh di xð Þð Þrε; i¼ 1; 2; :::;N
 
ð5Þ
Where h(di) represents the non-uniform machining allowance.
Machining allowance uniform distribution constraint G4(x):
xAD4 ¼ fx
di xð ÞZ0; μrdi xð Þ 1N
XN
i ¼ 1
di xð Þrε; i¼ 1; 2; :::;N

ð6Þ
The advantage of machining allowance optimization is that
the localization accuracy and efﬁciency are improved without
any speciﬁc ﬁxtures.
3. Symmetric block solution strategy
The optimization model of machining allowance can be used
not only for complex single blade, but also for complex integrated
blisk. However, due to the characteristics of composite manufac-
turing technology, a symmetric block solution strategy is proposed
to ﬁt the part-to-part variation of complex integrated blisk [3].
3.1. Level-based localization strategy
The optimization model of machining allowance uniﬁes
various optimization objectives and constraints. In practical
applications, because of the differences of allowance distributionFig. 3. Diagram of level-based localization strategy.
*1S
2
1S
2
2SS
Fig. 4. Symmetric blockand measurement results from each blisk stock, it may lead to
conﬂicting constraints, and the feasible region may be empty,
and then the optimal solution cannot be obtained.
Therefore, according to the level changes from low to high,
conventional localization – regional tolerances – existence of
allowance – uniform allowance (or non-uniform allowance),
localization strategy is established to select the objective
function and the constraints condition adaptively (see Fig. 3).
And then the optimization model can be solved by Rockefeller
Multiplier Method in correct way [11].
3.2. Symmetric block strategy for blisk
Different from conventional single parts, complex parts with
integrated structure should have enough machining allowance for
the whole integrated parts [3]. Blisk is an axial symmetry part and
allowance optimization of each blade will destroy the symmetry.
Multi-level grouping optimization method is suitable.
So, based on the CMM inspection result of linear friction
welding stock, the ﬁrst thing is to determine whether or not to
machine with uniform localization datum. If not, according to
symmetric block principle, relative localization datum for blade is
conﬁrmed and then the machining consistency of the whole blisk
is guaranteed to satisfy machining error requirement (see Fig. 4).
4. Experiment and analysis
Taking the linear friction welding blisk as an object, the
result of machining allowance optimization using the presented
model is shown in Figs. 5–7.
The simulation model has 20 blades, and each blade is
constructed by offsetting 6 mm for the transition region of blade
and offsetting 3 mm for the root region of blade at ﬁrst. Then to
simulate welding distortion, every welding blade of blisk is rotated
with a random angle by z-axis in relative coordinate system (see
Fig. 5). The measured points is obtained from the initial points set,
which are achieved by iso-parametric discretization in four regions,
added with random noise (see Fig. 6).
Fig. 7 is the comparison of machining allowance optimiza-
tion of blisk. It is shown that the relative localization datum are
changed and the distance errors are reduced in different*2S *MS
1
MS 2
MS MMS
strategy for blisk.
Fig. 5. Simulation model of allowance optimization. (a) Design model of
blisk. (b) Welding stock model of blisk.
Fig. 6. Measured points for simulation model.
Fig. 7. Comparison of machining allowance optimization. (a) Before optimi-
zation. (b) After optimization.
Fig. 8. Coordinated measurement for blisk part. (a) CMM of blisk.
(b) Distribution of measuring point of one blade.
Fig. 9. Error comparison of optimization.
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inﬂuence of welding distortion.
Figs. 8–10 show the practical experiment of machining
allowance optimization of complex parts blisk. Fig. 8 gives
CMM inspection of blisk.
Fig. 9 is the error comparsion of machining allowance
optimization of blisk. It shows that the mean square errors are
reduced obviously for every blade of blisk.
Fig. 10 is the ﬁnal machining result of blisk. After ﬁnal
inspection, the machining location and accuracy are all satisfy
the design requirements. The position of each blade is precise
and the connection quality is ﬁne. Also it shows that our
approach is feasible to distribute the machining allowance for
adaptive machining of complex parts.
Fig. 10. Practical machining result of blisk.
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Currently composite manufacturing process, such as linear
friction welding plus NC machining, is the main method for the
manufacturing of complex parts with integrated structure. Due to
different datum position and inevitable distortion from different
processes, it is important to ensure sufﬁcient machining allowance
for complex parts during the machining process. In this paper, an
optimization model of machining allowance of complex parts
machining based on CMM inspection is developed. This technique
concerns an alignment process to ensure sufﬁcient stock allowance
not only for the single parts, but also for the whole integrated parts.
The mathematical model of the constrained alignment is ﬁrstly
established, and then the symmetric block solution strategy is
proposed to solve the optimization model. Experiment result
shows that the approach is appropriate and feasible to distribute
the machining allowance for the single and whole parts for
complex parts repairing.
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